Introduction
The nuclear factor kappa B (NF-kB) transcription factors control the expression of genes involved in many critical physiological responses, including immune and acute phase inflammatory responses, cell adhesion, differentiation, oxidative stress responses and apoptosis (reviewed in Pahl, 1999) . Vertebrate NF-kB transcription complexes can be any of a variety of homo-and heterodimers formed by the subunits p50, p52, c-Rel, RelA (p65) and RelB (see Gilmore, 2006) . These complexes bind to DNA regulatory sites called kB sites, generally to activate specific target gene expression. The target gene specificity of NF-kB dimers is thought to arise from a number of considerations, including the specific NF-kB complexes that are in different cell types, the distinct kB target site binding specificities of different NF-kB complexes, and the different proteinprotein interactions and posttranslational modifications that NF-kB complexes undergo in different contexts (Hoffmann et al., 2006; Perkins, 2006) .
In most cell types, NF-kB dimers are located in the cytoplasm in an inactive form through association with any of several IkB inhibitor proteins (IkBa, -b, -e, -g, p105 and p100; see Gilmore, 2006, this issue) . In response to a wide array of stimuli (Pahl, 1999;  www.nf-kb.org), many of which are involved in intercellular communication such as proinflammatory molecules, IkB is rapidly phosphorylated, ubiquitinated and degraded by the proteasome. The freed NF-kB dimer then translocates to the nucleus where it can modulate specific gene expression.
The phosphorylation and degradation of IkB have received great attention as key steps for the regulation of NF-kB complexes (see Scheidereit, 2006) . The IkB kinase (IKK) complex contains two kinase subunits, IKKa and IKKb, and an associated scaffold-like regulatory protein called NEMO (aka IKKg). Other proteins, including immunophilins, ELKS and heatshock proteins, may also be present in the IKK complex under different conditions, but the roles of such accessory molecules are not clearly defined. IKKa and b share much sequence similarity and can form homoand heterodimers. After stimulation of cells by agents such as tumor necrosis factor a (TNFa), interleukin-1 (IL-1) or various pathogens, the IKK complex is activated in part by phosphorylation of specific serine residues in the activation loop of each IKK subunit (see Scheidereit, 2006) . The activated IKK complex can then phosphorylate IkB on two serine residues (Ser 32 and 36 in human IkBa). Phosphorylation of the IkB by IKK signals it for ubiquitination at specific lysine residues by the SCF-b-TrCP E3 ubiquitin ligase complex, which targets the IkB for degradation by the 26S proteasome. NF-kB is now free to enter the nucleus.
However, there are multiple pathways for activation of NF-kB. The two most common pathways are the canonical (or classical) and the non-canonical (or alternative) pathways (Gilmore, 2006; Scheidereit, 2006) . In the canonical pathway, a complex such as p50-RelA/IkBa is activated by an IKK complex containing IKKa/IKKb/NEMO, with IKKb being the primary kinase for IkBa. In the canoncial pathway proceeding from TNF stimulation to NF-kB, the IKK complex is brought to the TNF-R by binding of NEMO to a K63-ubiquitinated RIP1 adaptor molecule on the TNF-R. The activity of the IKKb kinase is then enhanced by two phosphorylations in its activation loop (Ser 177, 181) , and the downstream events of NF-kB signaling ensue. In the non-canonical pathway, the latent cytoplasmic NF-kB complex is p100/RelB. Upon activation by certain receptor signals, an IKKa homodimer complexbecomes activated and phosphorylates p100 at two C-terminal serine residues. This then promotes the ubiquitination of p100 and the proteasomal processing of the complex to p52/RelB. There are also additional non-IKK-dependent NF-kB pathways: for example, ultraviolet irradiation-induced NF-kB activation does not appear to use the IKK complex, and phosphorylation of IkBa at tyrosine residue 42 can lead to activation of NF-kB (Imbert et al., 1996; Li and Karin, 1998) .
Therefore, several steps leading to the activation of an NF-kB target gene are regulated by protein complexes that act as homo-and heterodimers and/or by families of closely related, interacting proteins. This adds additional levels of complexity to the regulation of NFkB activity. For example, as described above, IKKa and IKKb are active as dimers. However, they appear to have distinct physiological functions in that disruption of each IKK gene in mice leads to quite different phenotypes (Gerondakis et al., 2006) . Furthermore, IKKa and IKKb can be activated independently by different upstream signals. Moreover, the IKKs can phosphorylate substrates in addition to the IkBs (Scheidereit, 2006) . Similarly, the different IkB proteins have different affinities for the diverse NF-kB dimers. Thus, different IkB proteins can indirectly regulate the expression of distinct sets of genes, which are transcriptional targets of specific NF-kB complexes (Hoffmann et al., 2006) . Finally, NF-kB is a family of dimeric transcription factors, which have distinct sets of target genes. Therefore, the activities of all interacting proteins in the NF-kB signaling pathway are dependent on the precise nature and intensity of the upstream activating signals. These interacting levels must be considered when one wants to inhibit a given NF-kB response. Thus, there are broad-range inhibitors of NF-kB with a wide range of action, which act at an early step of NF-kB induction. In addition, there are more specific inhibitors, often acting at later stages in the NF-kB molecular signaling pathway (Figure 1 ).
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RelA p100 processing P P P p 1 0 0 Figure 1 The level of action of various inhibitors of the NF-kB signal transduction pathway. Various extracellular signals can initiate the canonical and non-canonical NF-kB pathways. In both pathways, these signals lead the activation of an IkB kinase complex (IKK), leading to the phosphorylation, ubiquitination and degradation of IkB (as either an independent IkB or as p100), which allows NF-kB to enter the nucleus where it regulates the expression of specific genes. As described in the text and elsewhere (Gilmore, 2006; Perkins, 2006; Scheidereit, 2006, this issue) , there are several variations and subtleties to these generalized pathways. Some of the classes of inhibitors that block distinct steps in this pathway are indicated by the red bars. For example, ATP analogs and thiol-reactive drugs have been shown to target the IKK complex, decoy oligos can block DNA-binding, etc. Of note, NEMO is a canonical pathwayspecific protein, and NIK is a non-canonical pathway-specific protein. See the text for more details and the tables for lists of inhibitors that act at these different steps.
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Because of the multitude of cellular and organismal processes affected by NF-kB signaling, there has been great interest in modulators of this pathway. For example, NF-kB complexes are known to play key roles in the inflammatory response, in the inhibition of apoptosis, and in cell proliferation, and as a consequence, mis-regulated, usually sustained, NF-kB activity also contributes to human disease states, including most chronic inflammatory diseases and many cancers (Pahl, 1999; Basse`res and Baldwin, 2006; Dutta et al., 2006; Hayden et al., 2006) . Therefore, the identification of specific and potent inhibitors of NF-kB has been the goal of many researchers and pharmaceutical companies. Due to the large number of inducers of NF-kB (Pahl, 1999; www.nf-kb.org) and the various levels of regulation of this pathway (Perkins, 2006; Scheidereit, 2006) , inhibitors include a wide variety of molecules that act at any of several levels in the pathway.
The molecular cascade of signaling events provides several steps for specific inhibition of NF-kB activity. Generally speaking, inhibition of NF-kB activation can occur by three mechanisms: (1) blockage of the incoming stimulating signal at an early stage (e.g., binding of ligand to its receptor) resulting in complete abrogation of the signal's effect; (2) interference with a cytoplasmic step in the NF-kB activation pathway by blockage of a specific component of the cascade (e.g., the recruitment of an adaptor to the receptor complex, the activation of the IKK complex, or degradation of IkB); or (3) blockage of NF-kB nuclear activity, that is, inhibiting its translocation to the nucleus, its binding to DNA, a nuclear modification of NF-kB that affects its activity or specificity, or an interaction of NF-kB on DNA with specific or basal transcription machinery. In most cases, each of these three major steps is not susceptible to the same types of inhibitors. This review attempts to classify the multitude of NF-kB inhibitors that have been reported, and describes the mechanism of action of some inhibitors and implications of their use for human health.
A plethora of NF-jB inhibitors
The number of reported inhibitors of NF-kB signaling is staggering. Seven years ago, we categorized 125 NF-kB inhibitors (Epinat and Gilmore, 1999) . The current list has grown to 785, which we have now classified according to both the nature of the inhibitor and the step at which NF-kB activation is blocked (see Table 1 for an overview, and Supplementary Tables 1-8 for details). These inhibitors include a variety of natural products, chemicals, metals, metabolites, synthetic compounds, peptides, proteins (cellular, viral, bacterial, fungal) and physical conditions. We have broadly divided these inhibitors into agents that act on NF-kB signaling at the following levels: upstream of IKK (e.g., at a receptor or adaptor level); directly at the IKK complex or IkB phosphorylation; ubiquitination or proteasomal degradation of IkB; nuclear translocation of NF-kB; NF-kB DNA binding; and NF-kB-directed gene transactivation. In most cases, inhibition is based on a given agent's ability to block one or more steps of NF-kB signaling in a tissue culture-based system after stimulation of resting cells with an NF-kB inducer, most commonly either TNF, IL-1 or lipopolysaccharide (LPS). However, it is important to note that the step at which a given compound has been reported to exert its block (e.g., at the level of DNA binding) often is only known within the limit of the assays performed, and thus does not necessarily suggest the molecular target of the inhibitor. That is, many researchers have used electrophoretic mobility shift assays (EMSAs) or kB-site reporter gene assays to measure induced NF-kB activity, without further characterizing upstream NF-kB signaling steps. In the text below, we primarily discuss compounds whose molecular mechanisms of action are known.
Inhibitors that act upstream of the IKK complex
In most situations, the IKK complex is the first common node in the integration of many NF-kB activating pathways. Therefore, one strategy for inhibiting activation of NF-kB is to block a signal before it activates IKK, that is, at a level upstream of IKK (Supplementary Table S1 ). Many cytokines (e.g. TNF) signal through distinct cell-surface receptors to activate transcription factor NF-kB. Thus, TNF-induced NF-kB activation can be inhibited by using anti-TNF (Song et al., 2002) . At the next step in cytokine signaling, members of the tumor necrosis factor receptor-associated factors (TRAF) protein family act as adaptor molecules for the activation of NF-kB by the TNF and IL-1 receptor superfamilies (Bradley and Pober, 2001) . TRAF2 is recruited to the TNF-R1 and TNF-R2 receptors following TNF stimulation, and it is required for CD40-and TNFa-mediated activation of NF-kB. As such, a TRAF2 mutant lacking its N-terminal RING finger domain is a dominant-negative inhibitor of TNFa-(but not IL-1) induced NF-kB activation (Hsu et al., 1996) . On the other hand, TRAF6 participates primarily in the IL-1 signal transduction pathway by interacting with the IL-1 receptor, and thus, a dominantnegative mutant of TRAF6 inhibits NF-kB activation signaled by IL-1 but not by TNFa (Cao et al., 1996) .
Two kinases that can lead to activation of the IKK complex are NIK and MEKK1. Overexpression of NIK potently induces NF-kB (Malinin et al., 1997) , primarily through the non-canoncial pathway (Scheidereit, 2006) . In addition, some studies have demonstrated that MEKK1 is activated by TNFa and IL-1 and can potentiate the stimulatory effect of TNFa on IKK and NF-kB activation (Hirano et al., 1996; Lee et al., 1998) .
NIK has also been reported to interact with several members of the NF-kB signaling pathway, including TRAF2, TRAF6 and IKK. More specifically, NIK can directly phosphorylate IKKa for activation of the non-canonical p52/RelB pathway (see Perkins, 2006; Scheidereit, 2006) . As such, overexpression of kinasedeficient NIK mutants can block the ability of IL-1 and TNFa to induce NF-kB (Malinin et al., 1997; Song et al., 1997) .
When overexpressed, MEKK1 stimulates the activities of both IKKa and IKKb in transfected HeLa cells and directly phosphorylates the IKKs in vitro (Lee et al., 1998) . Furthermore, a dominant-negative mutant of MEKK1 partially blocks activation of the IKK complex by TNFa (Hirano et al., 1996; Lee et al., 1997) . However, the physiological relevance of activation of IKK and NF-kB by overexpressed MEKK1 has been questioned (Karin and Delhase, 1998) .
Inhibitors of IKK complex activities
IKK has been a prime target for the development of NF-kB signaling inhibitors, in part due to its central role in funneling upstream signals into the NF-kB activation pathways and in part due to other successes in developing kinase inhibitors for therapeutic applications (e.g., imatinib/Gleevec; O' Hare et al., 2006) . Indeed, there are over 150 agents that have been shown to inhibit activation of NF-kB at the IKK step based either on the lack of IkBa phosphorylation or on the lack of stimulus-induced IKK activity in immune complex kinase assays (Supplementary Table S2 ). Several studies have also used a constitutively active form of IKKb (SS177,181E) to demonstrate that a given compound is a direct inhibitor of IKKb. Nevertheless, many studies have not investigated the mechanism by which a given agent can inhibit IKK or its activation.
Where a mechanism of action is known, chemical IKKa/b inhibitors are of three general types: ATP analogs that show some specificity for interaction with these kinases, compounds with allosteric effects on IKK structure, and compounds that interact with a specific Cys residue (Cys-179) in the activation loop of IKKb. ATP analogs include natural products such as b-carboline, and several synthetic compounds developed by pharmaceutical companies, such as SC-839, which has an approximately 200-fold preference for IKKb as compared to IKKa (reviewed in Karin et al., 2004; Pande and Ramos, 2005) . On the other hand, the synthetic compound BMS-345541 binds to an allosteric site on both kinases, but shows an approximately 10-fold greater inhibitory effect on IKKb (Burke et al., 2003) . Several thiol-reactive compounds, such as parthenolide, certain epoxyquinoids and arsenite, have been shown to block IKKb activity through Cys-179 (Kapahi et al., 2000; Kwok et al., 2001; Liang et al., 2003 Liang et al., , 2006 , probably in most cases through a direct conjugation to the thiol group of this cysteine. Although not formally proven, it is likely that interaction of these compounds with Cys-179 interferes with phosphorylation-induced activation of IKKb, in that Cys-179 is located between Ser 177 and Ser 181 which are part of the kinase activation loop and are required for activation of IKKb in response to many upstream signals, such as TNF and LPS (see Perkins, 2006; Scheidereit, 2006) . Of note, however, several such thiol-reactive compounds (Kwok et al., 2001; Liang et al., 2003) can also block the kinase activity of the constitutively active SS171,181EE IKKb mutant, which does not require activation; therefore, in some cases, the mechanism of action of these Cys-179-reacting compounds may be more involved than simple steric hindrance for the accessibility of Ser 177, 181 to induced phosphorylation. For example, Cys-179 has recently been shown to be a site of reversible S-glutathionylation, which regulates the kinase activity of IKKb (Reynaert et al., 2006) .
IKK activation can also be blocked by gene-based inhibitors. Specifically, dominant-negative forms of IKKa and b, which are capable of blocking activation of NF-kB, can be created either by mutations in the ATP-binding site or by mutations in the kinase activation loop (DiDonato et al., 1997; Mercurio et al., 1997; Regnier et al., 1997; Woronicz et al., 1997; Zandi et al., 1997; Ling et al., 1998) . Because of their distinct roles in the canonical (IKKb-dependent) and non-canonical (IKKa-dependent) pathways, dominantnegative IKK mutants can show stimulus-dependent inhibition. For example, overexpression of dominantnegative IKKa or NIK (non-canonical pathway inhibitors), but not a dominant-negative IKKb, blocks caspase-induced NF-kB activation (Shikama et al., 2003) . Conversely, overexpression of a dominantnegative IKKb, but not a dominant-negative IKKa, inhibits LPS induction of kB site-dependent transcription in THP-1 monocytic cells and the proliferative response of anti-CD3-stimulated T cells (O'Connell et al., 1998; Ren et al., 2002) . Adenoviral-mediated delivery of an IKKb dominant-negative kinase may have therapeutic potential for airway inflammatory diseases such as asthma (Broide et al., 2005; Catley et al., 2005) .
NEMO can also serve as a target for IKK complex inhibition. In particular, introduction of a cellpermeable 10 amino-acid peptide corresponding to the NEMO-binding domain of IKKb can block both the binding of NEMO to IKK and induction of NF-kB canonical pathway by TNF (May et al., 2000) . Moreover, this peptide has shown efficacy in mouse models of inflammation by both topical and systemic administration (May et al., 2000; di Meglio et al., 2005) . Similarly, introduction of peptides corresponding to the region of NEMO including the coiled-coil-2 and leucine zipper, which are required for oligomerization of NEMO, can also block NF-kB activation (Agou et al., 2004) .
Agents that stabilize IjB or block its degradation
Several molecules inhibit NF-kB by maintaining a high level of IkB proteins in the cytoplasm and thereby preventing NF-kB nuclear translocation. Among these molecules, some promote synthesis of IkBa, some inhibit IkBa ubiquitination, while others block IkBa degradation. The molecules mentioned here and several others are listed in Supplementary Tables S3-S5 .
Upregulation of IkB
A few molecules have been found to inhibit NF-kB by upregulating IkB expression (Supplementary Table S5 ). One such molecule is the b-amyloid peptide, which is deposited in the neuronal plaques that are a characteristic feature of Alzheimer's disease (AD). b-Amyloid peptide appears to show a cell type-specific effect on NF-kB, acting as an inhibitor in some cells and an activator in others. The constitutive NF-kB activity in fetal rat cortical neurons decreases following exposure to b-amyloid (Bales et al., 1998) . IkBa mRNA and protein are increased in these cells following treatment with b-amyloid, and this increase is likely responsible for the decrease in activated NF-kB. This hypothesis is supported by the finding that pretreatment of cortical cultures with an antisense oligonucleotide to IkBa mRNA is neuroprotective towards b-amyloid toxicity. In contrast to cortical neurons, exposure of rat primary astroglial cultures to b-amyloid peptide results in activation of NF-kB with the subsequent increased transcription of the NF-kB target genes encoding IL-1b and IL-6. These data suggest that b-amyloid-induced neurotoxicity as well as astrocyte activation may be mediated by NF-kB, and thus alterations in NF-kBdirected gene expression may contribute to both neurodegeneration and the inflammatory response that occur in AD (Bales et al., 1998) .
The cytokines IL-10, IL-11 and IL-13, which have powerful anti-inflammatory activities in vitro and in vivo, all suppress nuclear localization of NF-kB and increase IkBa mRNA expression levels (Lentsch et al., 1997; Ehrlich et al., 1998; Trepicchio and Dorner, 1998) .
Blockers of IkB degradation: ubiquitination and proteasome inhibitors
The final common steps before NF-kB leaves the cytoplasm are the ubiquitination of IkB by the SCF-bTrCP ubiquitin ligase complex followed by the rapid degradation of ubiquitinated IkB by the 26S proteasome (Scheidereit, 2006) . Thus, inhibitors of either step in the ubiquitin-proteasome pathway suppress activation of NF-kB by stabilizing IkB. As shown in Supplementary  Tables S3 and S4 , there are many more blockers of the proteasome than of IkB ubiquitination. There are also a number of inhibitors that have been reported to inhibit degradation of IkB (Supplementary Table S3 ), but for most of these compounds it is not known that they inhibit IkB degradation per se.
Among blockers of IkB ubiquitination, the YopJ protein of the bacterial pathogen Yersinia stabilizes IkBa (and prevents NF-kB nuclear translocation) by acting as a dequbiquitinase for IkBa (Zhou et al., 2005) . In addition, the small molecule R0196-9920 has been reported to be an inhibitor of IkBa ubiquitination, and can act as an oral inflammation inhibitor in two mouse models of induced inflammation (Swinney et al., 2002) .
In early studies, Yaron et al. (1997) were able to block TNFa-induced degradation of IkBa by microinjecting phosphopeptides corresponding to the signal-dependent phosphorylation site of IkBa, presumably these acted as competitive inhibitors for binding to the ubiquitin ligase complex required for degradation of IkBa. More recently, inhibition of b-TrCP (the recognition subunit of the SCF E3 ligase complex) has been effected by specific RNAi treatment or by overexpression of dominant-negative b-TrCP mutants, and reduction of b-TrCP by these methods both block NF-kB activity and sensitize breast cancer cells to chemotherapeutic agents (Tang et al., 2005) .
Non-genetic proteasome inhibitors that can block NF-kB activity are listed in Supplementary Table S4 . These inhibitors can all penetrate cells and inhibit NF-kB activation in a dose-dependent manner by blocking proteasome-mediated degradation of IkB (but do not block its phosphorylation).
One class of proteasome inhibitors includes peptide aldehydes. These molecules inhibit the chymotrypsinlike activity of the proteasome complex (one of the five protease activities of the eukaryotic proteasome), but with distinct efficiencies. ALLnL, also called calpain inhibitor I or MG101, is a cysteine protease inhibitor, but is a less potent inhibitor of the proteasome than MG132 and MG115 (Palombella et al., 1994; Jobin et al., 1998a; Grisham et al., 1999) .
Lactacystin and its synthetic precursor, b-lactone, represent a second class of inhibitors of the proteasome. These molecules irreversibly block proteasome activity by acylating a threonine residue in the active site of the mammalian proteasome subunit X/MB1 (Fenteany and Schreiber, 1998; Grisham et al., 1999) . For this reason, lactacystin is considered to be a more specific inhibitor of the proteasome than the aldehyde peptides.
A third class of proteasome inhibitors is comprised of peptide boronic acids (or dipeptidyl boronates) named PS-262, PS-273, PS-341, PS-402, etc. These molecules were originally used as inhibitors of serine proteases, but were also found to act as proteasome inhibitors by blocking the chymotrypsin-like site in the 20S subunit core and to be more potent than their aldehyde analogs (Iqbal et al., 1995; Grisham et al., 1999; Adams, 2004) . Most effective among these is PS-341 (now called bortezomib or Velcade), which has been shown to have significant efficacy against multiple myeloma, as well as several other hematologic and solid tumors (Adams, 2004) . Although bortezomib is clearly an efficient blocker of NF-kB in many in vitro systems including myeloma cells (Cusack et al., 2001; Hideshima et al., 2002) , it is not entirely clear whether its antimyeloma effects are mediated entirely, or even in part, through inhibition of NF-kB. For example, bortezomib has non-NF-kB effects on cancer cell growth and additional cancer-related protein targets are affected by its proteasome inhibitory activity (Hideshima et al., 2002; Adams, 2004; Zheng et al., 2004; Takigawa et al., 2006) ; moreover, in some cases bortezomib can activate, rather than inhibit, NF-kB (Ne´meth et al., 2004) . Thus, whether the therapeutic effect of bortezomib in the treatment of multiple myeloma (and other cancers) is entirely or in part due to its effect on NF-kB is not clear.
Several serine proteases inhibitors with chymotrypsinlike specificity (DCIC, TPCK, TLCK, BTEE, APNE) are also able to block proteasome function. However, unlike other protease inhibitors, those serine protease inhibitors can also block IkB phosphorylation as well as degradation, suggesting that a proteolytic step could (in some cases) be necessary for IKK activation. Finally, it is important to note that not all serine protease inhibitors can inhibit NF-kB activation (Higuchi et al., 1995; D'Acquisto et al., 1998; Rossi et al., 1998) .
Downregulation of NF-jB nuclear functions: nuclear translocation, DNA binding and transcriptional activation Direct inhibition of NF-kB-specific transactivation could involve blocking either nuclear translocation, DNA binding or transactivation by NF-kB dimers. In many studies, these last steps of NF-kB activation have been used as indicators of NF-kB inhibition (either as reduced binding in an EMSA or reduced kB-site reporter gene activity) (see Supplementary Tables S5-S7) . However, inhibition of nuclear activities can also occur by maintaining a pool of active IkB proteins in the cytoplasm to thus reduce nuclear NF-kB activity.
Inhibitors of NF-kB nuclear translocation
Certain NF-kB inhibitors block its nuclear translocation. One approach to block this step has used cellpermeable peptides that contain the nuclear localizing sequence of p50. These peptides are thought to inhibit nuclear translocation of p50-containing dimers by saturating the nuclear import machinery responsible for the uptake of NF-kB dimers containing p50 (Lin et al., 1995; Torgerson et al., 1998; Letoha et al., 2005) . However, one of the more commonly used peptides of this type, SN-50, has been reported to block nuclear translocation of a number of non-NF-kB transcription factors as well (Torgerson et al., 1998 ). An allosteric drug, o,o 0 -bismyristoyl thiamine disulfide, suppresses HIV-1 replication through prevention of nuclear translocation of both HIV-1 Tat and NF-kB (Shoji et al., 1998) , and a fungal epoxyquinoid, DHMEQ, which has anti-inflammatory and antitumor activity in several mouse models, has been reported to be a specific inhibitor of NF-kB nuclear translocation (Umezawa, 2006) .
IkB super-repressors
Effective blocking of NF-kB DNA binding (and generally inhibition of its nuclear transport) can be accomplished by using mutant forms of IkBs, called super-repressors (SRs), which cannot be phosphorylated or degraded; thus, these mutant IkBs stably bind to NF-kB complexes. The most common SRs of NF-kB are ones derived as mutants of IkBa: such IkBa-SRs carry mutations of the signal-induced phosphorylation sites Ser 32 and 36 (wherein alanine residues replace the two serines), of the lysine ubiquitination sites (Lys-Arg mutations) or are deleted for their first 40 amino acids and thus, can be neither phosphorylated nor ubiquitinated (Wang et al., 1996; van Antwerp et al., 1996; Jobin et al., 1998b; Bentires-Alj et al., 1999) . In addition, specific C-terminal Ser to Ala mutations are sometimes included to reduce the constitutive turnover of IkBa (van Antwerp et al., 1996) . Such SR molecules have been used successfully to inhibit NF-kB activity in a variety of in vitro cell culture studies (e.g., van Antwerp et al., 1996; Wang et al., 1996; Bushdid et al., 1998; Kanegae et al., 1998) and in several in vivo transgenic mouse studies (see Gerondakis et al., 2006) . In general, the use of the IkBa-SR has been taken as one of the best evidences for the involvement of NF-kB in a given physiological process; however, because IkBa does not bind well to RelB-containing complexes, the IkBa-SR is probably primarily a blocker of the canonical NF-kB pathway. Moreover, even the use of this 'specific' pathway inhibitor must be taken with some caution, in that the IkBa-SR can interact with and affect the activity of non-NF-kB pathway proteins including p53 (Chang, 2002) , cyclin-dependent kinase 4 and HDACs (Aguilera et al., 2004) . Furthermore, in terms of clinical use, overexpression of the IkBa-SR has been associated with the spontaneous development of squamous cell carcinoma in a murine model (van Hogerlinden et al., 1999).
A p105-based SR has also been created, which, like the IkBa-SR, is also a broad inhibitor of NF-kB; however, the p105-SR has the added ability to inhibit p50 homodimers and RelB-containing complexes, both of which are generally not inhibited by the IkBa-SR (Fu et al., 2004) . Interestingly, several truncated p100 proteins, which would lack key proteasomal processing signals and could act as p100-SRs, are created by chromosomal alterations in leukemias/lymphomas (see Courtois and Gilmore, 2006) .
Inhibitors of NF-kB DNA binding
The largest class of non-specified NF-kB inhibitors block DNA binding and kB site-dependent gene expression. However, for several of the molecules listed in Supplementary Tables S6 and S7 , inhibition of DNA binding does not necessarily indicate that the DNA-binding step is specifically impaired, rather it is usually that the effect of the inhibitor on NF-kB has been measured by assaying the amount of NF-kB bound to a kB-site probe in an EMSA, as compared to control cells which have not been treated with the inhibitor.
Several sesquiterpene lactones (SLs) have anti-inflammatory activity and act as inhibitors of NF-kB DNA binding (Zhang et al., 2005) . Some SLs can directly inhibit NF-kB DNA binding, primarily through interaction with Cys-38 in the DNA-binding loop of RelA (Garcı´a-Pin˜eres et al., 2001 , 2004 . Most SLs can also inhibit DNA binding by p50 and c-Rel through an analogous Cys residue in the DNA-binding loop, and mutations of this Cys residue to Ser generally make p50, RelA or c-Rel refractory to inhibition by such thiol-reactive compounds. Recently, a computer-based structural comparison of 103 SLs predicted that a methylene-carbonyl substructure is important for SL-based inhibition of RelA at Cys-38 (Wagner et al., 2006) . Interestingly, some SLs, including the natural product parthenolide, have been shown to also inhibit IKKb through a reactive Cys residue (Cys-179), which is in the kinase activation loop (Kwok et al., 2001; Garcı´a-Pin˜eres et al., 2004) . Thus, the SLs (and some epoxyquinoids; Liang et al., 2006) have multistep inhibitory activity within the NF-kB signaling pathway, targeting both IKK activity and NF-kB subunit DNA binding.
A molecular method to block specific NF-kB DNA binding is through the use of decoy oligonucleotides that have kB sites, that is , to complete out NF-kB dimer binding to specific genomic promoters (e.g., Morishita et al., 1997; Khaled et al., 1998; Kupatt et al., 2002) . Generally, these oligonucleotides have modifications to increase their stability and their affinity for NF-kB in vivo (Tomita et al., 2003; Crinelli et al., 2004; Isomura and Morita, 2006) . These kB-site decoy oligonucleotides have had therapeutic efficacy in a number of animal models of inflammation and cancer.
In principle, agents that can interfere with NF-kB dimerization could also be effective blockers of NF-kB activity, and because the various NF-kB subunits show different dimerization affinities (see Hoffmann et al., 2006) , it should be possible to develop agents that selectively disrupt different NF-kB dimers. Although trans-dominant p50 mutants (that can dimerize but not bind DNA) have been used in tissue culture models (Logeat et al., 1991) , no chemical or natural product inhibitors of NF-kB dimerization have been described.
Inhibitors of NF-kB transactivation
The final step in NF-kB signaling that can be blocked is transactivation of specific target genes. In theory, this should be a step that could provide extreme specificity and efficacy, given that different NF-kB dimers target different promoters/enhancers in tissue-, stimulus-, and promoter-specific manners (Hoffmann et al., 2006) . In addition, NF-kB subunit modification can influence their target gene transactivation ability (Perkins, 2006) . Based on these considerations, one may be able to interfere with the specific subset of activated (or repressed) NF-kB target genes that effects a given biological response.
Although many compounds have been reported as NF-kB transactivation inhibitors (Supplementary Table  S7 ), often this is simply because the readout for inhibition is transactivation of an NF-kB-responsive reporter gene. Nevertheless, some compounds do appear to be specific inhibitors of the NF-kB-dependent transactivation step. For example, D609, RO31-8220 and SB203580 are compounds that selectively inhibit phosphatidylcholine-phospholipase C inhibitor, protein kinase C and p38 MAPK, respectively. In the human A549 lung cancer cell line, they are also able to block NF-kB-dependent transcription after stimulation by IL-1 and TNFa. However, none of these molecules inhibits IkBa degradation, NF-kB nuclear translocation or DNA binding (Bergmann et al., 1998) . In another study, LY294,002 and wortmannin (both PI-3 kinase inhibitors) have been used to block IL-1-induced NF-kB activation of a reporter gene (Reddy et al., 1997; Sizemore et al., 1999) . LY294,002 did not inhibit IkBa degradation or NF-kB DNA binding, but it did block IL-1-stimulated phosphorylation of NF-kB, especially the RelA subunit.
Similar to those chemical inhibitors, the natural products mesalamine, mesuol and pertussis toxin appear to specifically block RelA phosphorylation, which is required for optimal RelA-mediated transactivation (Egan et al., 1999; Iordanskiy et al., 2002 : Marquez et al., 2005 . Moreover, the antiapoptosis protein Bcl-2 was shown to specifically inhibit transactivation by RelA in one study (Grimm et al., 1996) , and antithrombin was reported to inhibit NF-kB transactivation by interfering with RelA-CREB co-activator interaction (Uchiba et al., 2004) . Experiments using NF-kB target gene cDNA expression microarrays to assess the genespecific effects of transactivation inhibitors may provide insights into methods to interfere with NF-kB target gene subpathways that control specific biological responses.
Antioxidants
In many, but not all cell types, NF-kB can be activated by direct treatment with oxidants, such as treatment with hydrogen peroxide; in addition, the induction of NF-kB activity in response to a variety of stimuli (e.g., IL-1b, LPS, TNFa) in some cell types can be inhibited by antioxidants (reviewed in Bubici et al., 2006; Gloire et al., 2006) . However, neither the target for oxidantinduced activation nor the exact pathway used by such molecules to activate NF-kB is known. Similarly, it is not known precisely how antioxidants block activation of NF-kB, but it is likely that they act at different steps in the NF-kB pathway in different cell types.
As such, many antioxidant compounds such as thiol antioxidants (e.g., NAC, PDTC), calcium chelators (e.g., EGTA, lacidipine), vitamin C and E derivatives, and a-lipoic acid have been used to inhibit hydrogen peroxide-or stimulus-induced NF-kB activation. Presumably, many of these agents act by scavenging reactive oxygen intermediates (ROIs) (Sen et al., 1996b) . In addition, inhibitors of mitochondrial electron transport that suppress ROI production (like rotenone) or overexpression of antioxidizing enzymes, such as MnSOD and catalase, can block TNFa-induced activation of NF-kB (Schulze-Osthoff et al., 1993; Manna et al., 1998 Manna et al., , 1999 . Caffeic acid phenethyl ester, a phenolic antioxidant and a structural relative of flavonoids, may directly interfere with DNA binding by NF-kB (Natarajan et al., 1996) , and this effect on DNA binding can be reversed by reducing agents like dithiothreitol . Therefore, all antioxidants probably do not act at the same level to inhibit NF-kB. Moreover, at least one report has suggested that the NF-kB inhibitory activity of PDTC can be separated from its antioxidant activity (Hayakawa et al., 2003) .
Supplementary Table 8 lists the many antioxidant molecules that have been shown to inhibit NF-kB. Additionally, the anti-NF-kB activity of the many natural plant and food extracts listed in other Supplementary Tables S1-S7 may well be due to antioxidants in these extracts. In general, antioxidants may function in two ways to block activation of NF-kB. On one hand, antioxidants could act as scavangers for ROIs that act as signaling molecules to activate the NF-kB pathway. Alternatively, under certain circumstances, antioxidants may directly inhibit IKK kinase activity or NF-kB DNA-binding by affecting the redox state of critical Cys residues in the IKK kinase activation loop and NF-kB DNA-binding loop (Gloire et al., 2006; Bubici et al., 2006) . For example, the oxidation state of NF-kB seems important for its interaction with DNA (Yang et al., 1995) , and its DNA binding can be blocked by interaction with thiol-reactive metals (Shumilla et al., 1998) .
A large number of studies have indicated that compounds with antioxidant activity can have antiinflammatory and/or antitumor activity in animal models, and there is much correlative data for similar effects in humans (Na and Surh, 2006) . Because of its key role in inflammation and cancer (Aggarwal et al., 2006) , the NF-kB pathway certainly seems a reasonable target for such preventative and therapeutic effects of antioxidants, even though the mechanism(s) by which antioxidants block NF-kB signaling is still a mystery and, to some, their effects are controversial.
NF-jB inhibitors encoded or produced by viruses, bacteria and fungi
The innate immune response is initiated in large part because most microorganisms and viruses activate the NF-kB pathway through pattern-associated molecular pattern receptors called Toll-like receptors (see Hayden et al., 2006; Hiscott et al., 2006) . Nevertheless, several microorganisms and viruses also encode proteins that can inhibit NF-kB, and this can often either enhance their replication or contribute to their pathogenicity.
Viruses have developed a number of mechanisms to inhibit NF-kB signaling (see Hiscott et al., 2006) . At least three virsuses -African swine fever virus (ASFV) (Powell et al., 1996) , rabbit myxoma virus (CamusBouclainville et al., 2004) , insect Microplitis demolitor bracovirus (Thoetkiattikul et al., 2005) -encode IkB-like inhibitors of NF-kB. In the case of ASFV, the viral A238L IkB-like protein lacks the analogous serine residues that direct signal-induced phosphorylation and degradation of cellular IkBs, and thus, A238L can stably interact with RelA to inhibit NF-kB DNA binding as induced by TNFa, IFN-g and phorbol ester (Revilla et al., 1998) . The poliovirus 3C protease cleaves RelA to reduce NF-kB signaling (Neznanov et al., 2005) . In addition, several viruses have adaptor-like or small proteins that inhibit IKK activity (see Hiscott et al., 2006, this issue) . Interestingly, the MC160 protein of molluscum contagiosum virus (Nichols and Shisler, 2006) and the NS5B protein of hepatitis C virus (Choi et al., 2006) appear to be specific for IKKa, and thus, may provide prototypes for inhibitors of the noncanonical NF-kB pathway. Among bacteria, as described above, the YopJ protein encoded by the enteropathogen Yersinia pseudotuberculosis inhibits NF-kB activation by deubiquitinating IkBa, which prevents its degradation. Consequently, eukaryotic cells infected with YopJ-expressing Yersinia become impaired in NF-kB-dependent cytokine expression, which coincides with YopJ-dependent induction of apoptosis (Schesser et al., 1998) . The Salmonella typhimurium AvrA protein, a homolog YopJ, also inhibits NF-kB activation, although the mechanism may be different than that used by YopJ (Collier-Hyams et al., 2002) .
In addition, several small molecule metabolites synthesized by microorganisms (or designed as derivatives of such compounds) can inhibit NF-kB. These include panepoxydone (from Lentinus crinitus), 5,6 epoxycyclohexenone compounds (from Amycolatopsis), gliotoxin (Aspergillus fumigatus), and cycloepoxydon (reviewed in Umezawa et al., 2000) . In spite of their sometimes similar structures, such compounds may affect distinct parts of the NF-kB pathway, including DNA binding, nuclear translocation and phosphorylation/degradation of IkBa.
Commonly used human drugs that may act, at least in part, by inhibiting NF-jB activity NF-kB is one of the key transcription factors in the inflammatory response, and many NF-kB target genes are involved in the acute phase or inflammatory response (Pahl, 1999,see also www. nf-kb.org, under Target Genes; Hayden et al., 2006) . Therefore, inhibition of NF-kB can reduce the pathologic effects induced by chronic stimulation of the inflammatory response, as seen in many chronic inflammatory diseases or animal models of inflammation. Consistent with this, several commonly-used anti-inflammatory agents have been shown to inhibit NF-kB activity, although whether this is their primary mode of action in vivo is not clear. Similarly, some anticancer agents have been shown to have anti-NF-kB activity, which may be involved with their antitumor effects, likely either by lessening a proliferative, antiapoptotic or inflammatory activity of NF-kB.
Anti-inflammatory drugs
Several nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin (sodium salicylate), ibuprofen, sulindac and indomethacin, can inhibit activation of NF-kB in cell culture (Kopp and Ghosh, 1994; Grilli et al., 1996; Palayoor et al., 1998; Takada et al., 2004) . Aspirin is commonly thought to act pharmacologically primarily via inhibition of prostaglandin synthesis (Weissmann, 1991) . However, at higher concentrations, aspirin has also been shown to block NF-kB activity by directly binding to and inhibiting the kinase activity of IKKb by reducing its ability to bind ATP (Yin et al., 1998) ; more recently, aspirin has also been reported to inhibit proteasome activity and consequently to interfere with degradation of IkB (Dikshit et al., 2006) . As such, high-dose aspirin therapy may have applications to diseases where NF-kB activity is involved, including cancer (McCarty and Block, 2006) , diabetes (Yuan et al., 2001) and heart disease (Li and Fang, 2004) .
Glucocorticoids, such as dexametasone, prednisone and methylprednisolone, are used for their anti-inflammatory properties and to prevent allograft rejection. Their physiological effects appear to be, at least partially, mediated through inhibition of NF-kB. As described by De Bosscher et al. (2006) , glucocorticoids, acting via the glucocorticoid receptor, can inhibit NF-kB by a variety of methods, including inhibition of DNA binding, IKK activity and transactivation, in different cell contexts. Similarly, estrogen and certain selective estrogen receptor modulators (SERMs), such as raloxifene, can act through the estrogen receptor to inhibit NF-kB by a variety of mechanisms (Kalaitzidis and Gilmore, 2005; Olivier et al., 2006) .
Immunosuppressive agents
Several well-known immunosuppressants target NF-kB. Cyclosporin A (CsA), inhibits B-and T-cell proliferation by blocking the activity of calcineurin, a calcium and calmodulin-dependent serine/threonine phosphatase (Frantz et al., 1994) . Several reports have shown that CsA can also inhibit NF-kB induction, although the mechanism by which CsA exerts this inhibitory effect may differ in different situations. In vitro, CsA has been reported to act as a non-competitive inhibitor of the chymotrypsin-like activity of the proteasome, enabling it to block LPS-induced IkB degradation and p105 processing in vivo (Meyer et al., 1997) . Similarly, CsA prevents NF-kB nuclear translocation in stimulated T cells (McCaffrey et al., 1994) by preventing the inducible degradation of IkBa and IkBb; however, in these cells, CsA does not inhibit the processing of p105 to p50 (Marienfeld et al., 1997) . CsA is able to block the activation of IL-2 and IL-8 gene expression by NF-kB in T cells (Wechsler et al., 1994; Nishiyama et al., 2005) . Like aspirin, CsA has also been shown to be neuroprotective (Meyer et al., 1997) .
FK506 (aka tacrolimus) is an immunosuppressant that acts as a potent blocker of B-and T-cell proliferation. At least in part, FK506, like CsA, acts by blocking the activity of calcineurin. However, unlike CsA, the inhibitory effect of tacrolimus on NF-kB appears, in some cases, to be specific for c-Rel, among the NF-kB family members. That is, FK506 can specifically block c-Rel nuclear translocation (but not p50/RelA) after treatment of cells with phorbol esters and ionomycin Venkataraman et al., 1995) . Therefore, the antiproliferative effects of FK506 in T cells results from inhibition of NF-kB, which consequently blocks transcription of the IL-2 and IL-2 receptor genes by interfering with the induction of c-Reldependent transcription of their promoters (Serfling et al., 1995; Venkataraman et al., 1995) . Interestingly, the effectiveness of topical administration of FK506 ointment in keratinocytes correlates with its anti-NF-kB activity (Lan et al., 2005) , suggesting that inhibition of NF-kB may be responsible for FK506's effectiveness in psoriasis.
Certain other immunosuppressants act at different levels than CsA and FK506 to block immune cell proliferation. For example, PG490 (pure triptolide, a diterpene triepoxide) is an immunosuppressant molecule that can synergize with CsA to inhibit transcriptional activation by NF-kB. However, PG490 does not appear to interfere with the induction of NF-kB DNA binding, suggesting that it acts to inhibit transcriptional activation by NF-kB (Qiu et al., 1999) . Moreover, the immunosuppressant deoxyspergualin inhibits NF-kB nuclear translocation by a mechanism involving the heat-shock protein Hsp70 (Tepper et al., 1995) .
Thus, different immunosuppressants appear to inhibit NF-kB by distinct mechanisms. Some inhibit NF-kB nuclear translocation by stabilizing IkBa (Meyer et al., 1997) , some may act on NF-kB through inhibiting calcineurin (Frantz et al., 1994) , some by binding heatshock proteins (Tepper et al., 1995) and some by modulating the DNA binding or transactivation potential of NF-kB (McCaffrey et al., 1994; Wechsler et al., 1994; Kunz et al., 1995; Qiu et al., 1999) .
Many human drugs have been reported to have off-target anti-NF-jB activity Many human drugs that have been primarily characterized for activities other than anti-inflammatory or antitumor activity can also inhibit NF-kB. A partial list of such drugs is presented in Table 2 . These drugs have a variety of molecular protein targets, and how and why they can also affect NF-kB is often not clear. In cases such as these, a component of the NF-kB pathway may be an off-target for these drugs, these compounds may simply show anti-NF-kB activity at non-physiological doses in vitro and in vivo, or NF-kB may be affected due to cross-talk between the drug's primary target and the NF-kB pathway.
Common problems with identifying and characterizing NF-jB inhibitors
It is now clear that there are several experimental and therapeutic problems that arise when characterizing NF-kB inhibitors. First, many NF-kB pathway inhibitors may be cell type-or stimulus-dependent (see Epinat and Gilmore, 1999) . For example, in the vast majority of studies, NF-kB inhibitors have been characterized based solely on their ability to block TNFa or LPS-induced NF-kB activity. Second, in many cases, these compounds are likely to affect a variety of other targets and pathways. This is especially likely to be the case with highly reactive compounds such as antioxidants or thiolreactive chemicals, but may even be the case with molecular inhibitors such as the IkB SR, which has been shown to interact with and affect the activity of non-NF-kB pathway proteins including p53 (Chang, 2002) , cyclin-dependent kinase 4 and HDACs (Aguilera et al., 2004) . In many cases, the intense interest in NF-kB and the multistep activation pathway may have led to the abundance of reports on NF-kB inhibitors. Third, the concentrations of compounds used to inhibit NF-kB in in vitro studies may be substantially different (i.e., often much higher) than could ever be used or achieved in vivo.
Conclusions
As detailed in this review, numerous inhibitors of the NF-kB activity have been described. In a limited number of cases, the molecular basis for this inhibitory activity is known, however, more often it is simply known that such molecules inhibit some step in induced NF-kB activation, for example, induced nuclear NF-kB DNA binding. Some NF-kB inhibitors, such as the IKK or proteasome inhibitors, are broad-range inhibitors, which can block most NF-kB activating signals since they target common steps in NF-kB activation. However, the broad-range inhibitors may affect a variety of pathways, given that IKK and the proteasome are now known to be involved in both the canonical and noncanonical NF-kB signaling pathways, as well as in non-NF-kB signaling pathways and cellular events. Other inhibitors of NF-kB block activation when induced by only certain stimuli, for example, by acting on a particular protein in the signaling cascade or by blocking specific NF-kB complexes. For example, inhibitors of NIK are likely specific for the noncanonical pathway, while NEMO-directed inhibitors are expected to be specific for the canonical NF-kB pathway. Nevertheless, even these specific inhibitors may block other pathways, either because their target participates in several intracellular pathways or because they block a certain class of protein (i.e., have off-target activity). Indeed, for most inhibitors listed in this review, neither the molecular target in the NF-kB signaling pathway nor the cell-type specificity of the inhibitor is known.
Nature's use of single molecular components in overlapping signaling pathways makes it a challenge to find molecules that block specific pathways leading to NF-kB activation without interfering with other signaling cascades. A future goal will be to discover molecules that can inhibit distinct NF-kB complexes induced by select stimuli in specific cell types. To cite one example, antisense oligonucleotides to RelA have been shown to have therapeutic effects in various animal models (e.g., Choi et al., 2006; Isomura and Morita, 2006) , but given Abbreviations: NF-kB, nuclear factor kappa B; PDE, phosphodiesterase; PPAR, peroxisome proliferator activated receptors.
that RelA is probably the most general NF-kB subunit, the effectiveness of this approach for specific diseases is not clear. Similarly, the use of compounds that block target gene-specific events for NF-kB complexes may provide exquisite specificity (e.g., the phosphorylation of RelA seems to modulate its transactivating activity on specific genes). Alternatively, the combined use of low doses of inhibitors that target multiple steps in the NFkB pathway (e.g., thiol-reactive drugs that target both IKK and NF-kB DNA binding) may be an effective strategy with reduced side effects. To us, it seems likely that the most promising nearterm uses for NF-kB inhibitors will be in cases where such inhibitors can be applied topically (e.g., cylindromatosis or other skin inflammatory diseases), locally (e.g., airway inflammation), or in a highly directed fashion (e.g., to a specific cell or tumor type). Systemic application of potent NF-kB inhibitors will likely have unwarranted side effects. Nevertheless, it is certainly possible that the long-term systemic ingestion of low-dose NF-kB inhibitors may have general beneficial effects in reducing inflammation and cancer. At least in part, chronic dampening of NF-kB activity may explain the promoted anti-inflammatory, antiaging, and anticancer effects of routine, long-term ingestion of natural compounds, for example, green tea, curcumin, others, which have been used for centuries.
